Abstract Following the extreme low ice year of 2007, primary production and the sinking export of particulate and gel-like organic material, using short-term particle interceptor traps deployed at 100 m, were measured in the southeastern Beaufort Sea during summer 2008. The combined influence of early ice retreat and coastal upwelling contributed to exceptionally high primary production (500 ± 312 mg C m -2 day -1 , n = 7), dominated by large cells ([5 lm, 73% ± 15%, n = 7). However, except for one station located north of Cape Bathurst, the sinking export of particulate organic carbon (POC) was relatively low (range: 38-104 mg C m -2 day -1 , n = 12) compared to other productive Arctic shelves. Estimates indicate that 80% ± 20% of the primary production was cycled through large copepods or the microbial food web. Exopolymeric substances were abundant in the sinking material but did not appear to accelerate POC sinking export. The use of isotopic signatures (d 13 C, d 15 N) and carbon/nitrogen ratios to identify sources of the sinking material was successful only at two stations with a strong marine or terrestrial signature, indicating the limitations of this approach in hydrographically and biologically complex Arctic coastal waters such as in the Beaufort Sea. At these two stations influenced by either coastal upwelling or erosion, the composition and magnitude of particulate sinking fluxes were markedly different from other stations visited during the study. These observations underscore the fundamental role of mesoscale circulation patterns and hydrodynamic singularities on the export of particulate organic material on Arctic shelves.
Introduction
Global warming is intensified in the Arctic (IPCC 2007; Kauffmann et al. 2009 ). Models and observations show a rapid decline in the summer minimum sea ice extent over the past ten years (Serreze et al. 2007; Barber et al. 2009; Wang and Overland 2009; Polyak et al. 2010) and an increase in the extent and duration of open water areas (Comiso et al. 2008; Pabi et al. 2008) . Climate-related impacts on the biodiversity, ecosystem structure (Gradinger and Bluhm 2005; Grebmeier et al. 2006) , from planktonic communities to large mammals (Wassmann et al. 2011 ) and on pathways of carbon cycling (Wassmann et al. 2004 ) are already documented for the Arctic Ocean.
The variety of responses of the marine Arctic to ongoing changes makes it difficult to predict the magnitude, let alone the direction, of potential impacts of climateassociated changes for the transfer of primary-produced organic matter to pelagic and benthic food webs. For example, while an increase in primary production has been associated with an increased duration of the open water period ), a shift in phytoplankton community structure, from a dominance of large cells to small cells, has also been observed (Li et al. 2009 ). Other studies conclude that global phytoplankton concentrations have declined over the past century, associated with increasing sea surface temperature and shallowing of the surface mixed layer (Montes-Hugo et al. 2009; Boyce et al. 2010 Boyce et al. , 2011 . In the Arctic, it has been suggested that warming and shallowing of the mixed layer will increase the flow of carbon toward the microbial food web at the expense of larger organisms (Kirchman et al. 2009 ). Contrasting this perspective, other studies suggest that an increase in primary production associated with the decrease in sea ice extent will increase the vertical export of particulate organic carbon to the benthos, as observed in the northern Laptev Sea (Lalande et al. 2009a, b) .
To complicate matters further, the coupling between surface primary production and its export to the seafloor not only depends on the magnitude and composition of primary-produced material but also on the transformation of this material during its descent, which itself is dependent on physical and biological processes (e.g., Tréguer et al. 2003; Boyd and Trull 2007; Buesseler and Boyd 2009 ). For example, bacteria play a key role in controlling carbon fluxes in the ocean through their production and consumption of dissolved organic matter, respiratory CO 2 production, and nutrient recycling (Rivkin and Legendre 2001; Kirchman et al. 2009; Kellogg et al. 2011) . The production of exopolymeric substances by phytoplankton and bacteria can also accelerate (Passow and Alldredge 1994; Verdugo et al. 2004) or decrease (Azetsu-Scott and Passow 2004 ) the sinking export of organic carbon to depth.
The Arctic Ocean, on a volumetric basis, is the ocean with the highest terrestrial input in terms of freshwater and organic matter (Dittmar and Kattner 2003) . The Mackenzie River, flowing into the southeastern Beaufort Sea, is the fourth largest of all rivers entering the Arctic Ocean, in terms of annual discharge of water (Dittmar and Kattner 2003) and the first in terms of sediment input to the Arctic (Rachold et al. 2004) . Therefore, the vertical flux of particles in the southeastern Beaufort Sea derives primarily from three sources: marine biological production, input from the Mackenzie River, and coastal and seabed erosion (O'Brien et al. 2006) . Global warming in the Arctic Ocean is leading to accelerated coastal erosion (Carmack and Macdonald 2002; Guo et al. 2007 ) and increased river discharge Peterson et al. 2002; White et al. 2007) , such that an increase in the input of allochthonous material is expected in Arctic shelves (Guo et al. 2007; Lalande et al. 2009a; Mucci et al. 2010 ). Tracers such as stable isotopes (d 13 C and d 15 N) and compositional ratios (e.g., carbon/nitrogen ratios) are commonly used to distinguish between marine and terrigenous organic matter in sediments and sinking matter Morata et al. 2008; Magen et al. 2010) .
The exceptional decline in the sea ice extent in summers 2007 and 2008 (Comiso et al. 2008; Stroeve et al. 2008; NSIDC 2010) , the increase Arctic river discharge Peterson et al. 2002; White et al. 2007) , the increase in frequency and intensity of storms (Yang et al. 2004; Barber et al. 2008) , the sea surface warming (Steele et al. 2008) , and the thawing of permafrost (Camill 2005) are all evidences of global warming in Arctic. These changes stress the need to better understand biogenic carbon cycling and energy transfer pathways on Arctic shelves and to study the impact of the recent intensification of environmental changes taking place in the Arctic.
The overall objective of this study was to investigate primary production and carbon export in the southeastern Beaufort Sea, in summer 2008 (which proved to be a low ice year) following the extreme low ice year of 2007. Specific objectives were to (1) characterize spatial and temporal patterns in the magnitude and composition of particulate organic material (POM) exported from the euphotic zone and evaluate recent changes with respect to previous observations in the same area and (2) identify sources of the sinking organic material (allochthonous vs autochthonous) in the study area. We hypothesized that in the study area (1) changes in primary production associated with recent changes in sea ice conditions influenced the vertical export of organic material and (2) the sinking organic material would mainly be of allochthonous origin at coastal stations due to increased coastal erosion.
Materials and methods

Sampling
This study was carried out on board the Canadian research icebreaker CCGS Amundsen under the Framework of the International Polar Year, Circumpolar Flaw Lead (CFL) system study (Barber et al. 2010 ). Short-term free-drifting particle interceptor traps were deployed below the euphotic zone at 100 m, on 12 occasions in the southeastern Beaufort Sea, from June 23 to July 30, 2008, over two sampling periods (late June/early July and late July) ( Fig. 1 and Table 1 ). The euphotic zone depth (Z eu ), defined as the depth receiving 0.2% of surface irradiance, was determined from the attenuation of incident photosynthetically active radiation (E d (PAR); 400-700 nm), measured with a PNF-300 radiometer (Biospherical Instruments) ). During summer 2008, Z eu ranged from 54 to 108 m, with a mean of 84 ± 17 m (Table 1 , n = 12). The depth of the surface mixed layer (Z mix ) was determined as the depth of shallowest extreme curvature of density and temperature profiles ; Table 1 ). Surface-tethered drifting particle interceptor traps were deployed at 100 m for 12-26 h, except at two stations (station CA16: 41 h; station CA04: 8.2 h). The trap array was attached to a radio beacon and an Argos buoy for short-and long-range location, respectively. We estimate that the difference between Z eu and trap deployment depth (Z trap ) at some stations (see Table 1 ) could have induced underestimations (Z eu \ Z trap ) or overestimations (Z eu [ Z trap ) of POC sinking fluxes of 9 and 2% on average, respectively. Details on the particle interceptor traps and deployment procedures are given in . Particle interceptor trap deployment and handling were carried out in accordance with JGOFS protocols (Knap et al. 1996) and recommendations of Gardner (2000) . Prior to deployment, the traps were filled with seawater collected below 200 m and filtered onto 0.22-lm polyvinyliden fluoride (PVDF) Millipore Durapore membrane filters. Upon recovery, a clean lid was placed on each trap and the material collected was left to sediment for a period of 8 h at 4°C in the dark. After the sedimentation period, the supernatant was gently removed and the remaining sample was sieved through 450 lm mesh in order to remove large swimmers (study wide, only one large swimmer was observed and removed). Particle interceptor trap samples from the same depth horizon were pooled together to obtain one sample for which the volume was measured prior to analysis.
Water column samples were collected at seven optical depths (100, 50, 30, 15, 5, 1, and 0.2% of surface irradiance), at the depth of maximum chlorophyll fluorescence (Z DCM ) and at two aphotic depths between Z eu and 100 m with a rosette sampler equipped with 12 l Niskin-type bottles (OceanTest Equipment), an in situ fluorometer (SeaPoint model 2465), and a SBE-911 plus CTD probe (Sea-Bird Electronics, Inc.). Biochemical analyses were performed on the particle interceptor traps and water column samples as described below.
Analyses
Particle interceptor traps
For chlorophyll a (chl a) and phaeopigment determination, duplicate subsamples were filtered onto Whatman GF/F glass-fiber filters (nominal pore size of 0.7 lm; total biomass) and onto 5 lm Poretics polycarbonate membrane filters (biomass of large cells, i.e., [5 lm). After 24 h extraction in 90% acetone at 4°C in the dark, fluorescence was measured before and after acidification using a Turner Designs 10-AU fluorometer (Parsons et al. 1984) , Biol (2011 Biol ( ) 34:1989 Biol ( -2005 Biol ( 1991 previously calibrated using pure chl a extract from Anacystis nidulans (Sigma). Duplicate subsamples were filtered onto pre-combusted (450°C for 5 h) Whatman GF/F filters for particulate carbon (PC) and nitrogen (PN) determination. The filters were dried at 60°C for 24 h aboard the ship and analyzed in the laboratory on a Costech ECS 4010 CHN analyzer without prior acidification of the sample. Recent studies in our study area showed that particulate organic carbon (POC) represents [90% of PC concentrations in surface waters and particle interceptor traps Forest et al. 2010) . Therefore, we refer to POC concentrations throughout the manuscript. Carbon and nitrogen isotopic ratios of duplicate trap samples were determined on pre-combusted GF/F filters using an Isotope Ratio Mass Spectrometer (IRMS) Delta Plus XP of Thermo Electron Co coupled to the CHN analyzer. The average coefficient of variation was 5% for duplicate POC and PN measurements and 2% for duplicate carbon and nitrogen isotopic ratio measurements.
Triplicate subsamples were filtered on 47 mm 0.4 lm Nuclepore polycarbonate membrane filters and stained with Alcian Blue for the analysis of exopolymeric substances (EPS). EPS, defined as [0.4 lm acidic exopolysaccharides, were measured colorimetrically (at 787 nm) after a 2 h extraction in 80% H 2 SO 4 (Passow and Alldredge 1995) . The average coefficient of variation of triplicate EPS measurements was 6%. EPS concentrations were estimated as lg gum xanthan equivalent (Xeq) l -1 and converted to carbon equivalents (EPS-C) according to Engel (2004) .
Samples for protist cells and zooplankton fecal pellets were preserved with acidic Lugol's solution (0.4% final concentration) and buffered formaldehyde (1% final concentration), respectively. Identification and enumeration of protist cells were performed under an inverted microscope (WILD Heerbrugg) equipped with phase contrast optics, according to Lund et al. (1958) . For each sample, at least 400 cells were counted over a minimum of three transects. The abundance of protists was calculated according to the equation of Horner (2002) . Thirty individual cells were measured to obtain average cell sizes of the dominant protist taxa. For the least abundant taxa, average cell sizes were obtained from the literature (Tomas 1997; Bérard-Therriault et al. 1999) . Together, these taxa represented, on average 91% of total cell numbers. The biovolume of each taxon was estimated using the appropriate geometric equation (Hillebrand et al. 1999 ). Biovolumes were converted into protist carbon biomass (protist-C) using the factors of Menden-Deuer and Lessard (2000) for diatoms, dinoflagellates, and flagellates and of Putt and Stoecker (1989) for ciliates. Fecal pellets were also counted and measured using inverted microscopy. Two types of fecal pellets were identified by shape, cylindrical, and ellipsoidal, assumed to be calanoid copepod or appendicularian/ cyclopoid copepod feces, respectively. The length and width of complete and broken fecal pellets were measured, and the total biovolume of each type of pellets was calculated using the appropriate geometric equations. Biovolumes were then converted into fecal pellet carbon biomass (FPC), using a conversion factor of 0.057 mg C mm -3 for cylindrical pellets and 0.029 mg C mm -3 for ellipsoidal pellets (González and Smetacek 1994) , as in Juul-Pedersen et al. (2010) . These conversion factors are similar to those measured for copepods in Amundsen Gulf in June-July (i.e., 0.054 mg C mm -3 , Seuthe et al. 2007 ) and for appendicularians in northern Barents Sea in July (i.e., 0.025 mg C mm -3 , Wexels ).
Water column
Primary production rates were measured at the seven optical depths (including the depth of maximum chlorophyll fluorescence) using the 14 C-assimilation method (Knap et al. 1996; Gosselin et al. 1997 ) with on deck in situ simulated incubations for 24 h. As in Gosselin et al. (1997) , particulate primary production rates were determined for small (0.7-5 lm) and large ([5 lm) phytoplankton cells. Concentrations of chl a for small (0.7-5 lm) and large ([5 lm) phytoplankton cells were determined at all sampled depths, as described above. POC concentrations were determined at 3-4 depths (i.e., 50 and 15% of surface irradiance, Z DCM , and 100 m), as described above. Rates and concentrations were integrated over Z eu and the upper 100 m of the water column, respectively, using trapezoidal integration (Knap et al. 1996) .
Calculations and statistical analysis
Sinking fluxes were calculated, for each variable, using the following equation :
where S (mg m -2 day -1 ) is the sinking flux of the variable, C trap (mg m -3 ) is the concentration of the measured variable in the particle interceptor trap sample at 100 m, V trap (m 3 ) is the volume of the trap sample, A trap (m 2 ) is the trap surface area, and T dep (day) is the deployment time.
Daily loss rates (% day -1 ) were calculated using the following equation :
where D (% day -1 ) is the daily loss rate of variable, S is the sinking flux (mg m -2 day -1 ) of the variable estimated from Eq. 1, and C int (mg m -2 ) is the integrated concentration of chl a or POC in the 0-100 m stratum. The export ratio was calculated as the ratio of the POC sinking flux at 100 m to the total particulate phytoplankton production integrated over Z eu . This ratio is dimensionless.
Potential mesozooplankton ingestion rates (I) were estimated from the FPC sinking flux (E), assuming an assimilation efficiency (AE) of 70% (Carlotti et al. 2000) and using the following equation (Båmstedt et al. 2000) :
Mann-Whitney test was used to assess any significant difference between sampling periods (Zar 1999 ). Kendall's coefficient of rank correlation (s) was used to determine relationships between two variables. Statistical analyses were carried out using JMP version 5 (SAS Institute).
Results
During summer 2008, POC sinking fluxes at 100 m ranged from 38 mg C m -2 day -1 at Stn CA05 in late July to 257 mg C m -2 day -1 at the Cape Bathurst Stn 1216 in late June/early July, with a mean of 93 ± 56 mg C m -2 day -1 for all stations visited (n = 12, Fig. 2a , b, Table 2 ). There was no significant difference in POC sinking fluxes between late June/early July and late July (Mann-Whitney test, P [ 0.05).
Total pigments (i.e., chlorophyll a ? phaeopigments) sinking fluxes ranged from 0.4 mg m -2 day -1 at Stn CA04 to 11 mg m -2 day -1 at the Cape Bathurst Stn 1216, with a mean of 3.8 ± 3.3 mg m -2 day -1 (Fig. 2c, d ). Phaeopigments made up, on average, 76% ± 6% of the total pigment sinking flux during the study. Sinking fluxes of total pigments, phaeopigments, and chl a were significantly higher in late June/early July (mean of 5.6 ± 3.2, 4.1 ± 2.2, and 1.4 ± 1.1 mg m -2 day -1 , respectively, n = 7) than in late July (mean of 1.3 ± 0.8, 1.0 ± 0.7, and 0.3 ± 0.2 mg m -2 day -1 , respectively, n = 5) (MannWhitney tests, P \ 0.05). Table 2 presents sinking fluxes of protist-C, FPC, and EPS-C, the contribution of protist-C and FPC to POC sinking flux at 100 m, during summer 2008. The maximum sinking fluxes of protist-C, FPC, and EPS-C, as well as their maximum percent contribution to POC sinking fluxes, were observed in late June/early July (Table 2) . Sinking fluxes of protist-C, FPC, and EPS-C and their percent contribution to POC sinking fluxes were not significantly different between the two sampling periods (Mann-Whitney tests, P [ 0.05). EPS-C sinking fluxes were strongly correlated with POC sinking fluxes (s = 0.82, P \ 0.01; Fig. 3 ).
In late June/early July, diatoms dominated the protist sinking fluxes, in terms of cell abundance and carbon Biol (2011 Biol ( ) 34:1989 Biol ( -2005 Biol ( 1993 biomass, throughout the sampling area, except at Stn 1208 where both fluxes were dominated by flagellated cells (i.e., flagellates ? dinoflagellates) (Fig. 4a, b) . In late July, the cell sinking flux was dominated by diatoms at Stns CA16 and CA18 and by flagellated cells at the other stations (Fig. 4a) . In terms of protist-C, the sinking flux was dominated by diatoms throughout the sampling area, except at Stn CA04 where ciliates were the main sinking protist group (Fig. 4b) . The contribution of diatoms to total cell sinking fluxes decreased significantly from late June/ early July (79% ± 21%) to late July (44% ± 14%), whereas the contribution of flagellates increased from late June/early July (18% ± 18%) to late July (46% ± 13%) (Mann-Whitney tests, P \ 0.05; Fig. 4a ). The flagellate and dinoflagellate assemblages in the particle interceptor traps were mainly composed (cell abundance and carbon biomass) of cryptophytes and unidentified Gymnodinium/Gyrodinium spp. (21-50 lm) and Protoperidinium ovatum, respectively. The pennate diatom Fragilariopsis cylindrus and centric diatoms of the genus Chaetoceros numerically dominated the diatom community at 50 and 17% of the stations, respectively (Fig. 5a ). The other stations were composed of a mixed assemblage of diatom species (Fig. 5a ). The sinking fluxes of intact diatoms and diatom frustules were significantly higher in late June/early July than in late July (MannWhitney tests, P \ 0.05; Fig. 5b ). Spores were observed at all stations, with sinking fluxes ranging from 1 9 10 6 to 51 9 10 6 cells m -2 day -1 (Fig. 5b) . Figure 6 presents the contributions of three size classes of cylindrical fecal pellets (based on width: B100, 100-120, and [120 lm) (Fig. 6a) and of cylindrical and elliptical fecal pellets (Fig. 6b) to total FPC sinking fluxes, at 100 m. The mean contribution of the three fecal pellet size classes (B100, 100-120, and[120 lm) to total FPC sinking fluxes were 19% ± 16%, 23% ± 12%, and 57% ± 20%, respectively (n = 12). At all stations, except Stn 1216, fecal pellets [100 lm (i.e., 100-120 and [120 lm) dominated the FPC in the sinking material, with percent All periods 0.95 ± 1.00 93.0 ± 56.1 28.6 ± 28.9 (27.7 ± 16.6) 30.5 ± 11.5 (38.0 ± 12.0) 55.5 ± 41.7
Numbers in parentheses indicate the percent contribution of protist-C and FPC to total POC sinking flux. Values are mean ± SD when applicable (n = 2 for chl a and POC sinking fluxes and n = 3 for EPS-C sinking flux). nd not determined contributions ranging from 68 to 94% (Fig. 6a) . When excluding Stn 1216, there was a significant increase in the percent contribution of fecal pellets (B100 lm to FPC) from late June/early July to late July (from 10% ± 4% to 22% ± 6%, n = 11, Mann-Whitney test, P \ 0.05). The contribution of other fecal pellet size classes to FPC sinking fluxes did not vary significantly between the two periods (Mann-Whitney tests, P [ 0.05). From late June/early July to late July, the percent contribution of cylindrical fecal pellets to FPC sinking fluxes increased significantly, from 61% ± 23% to 95% ± 4% (n = 11, Mann-Whitney test, P \ 0.05; Fig. 6b ). Concomitantly, a significant decrease in the percent contribution of elliptical pellets to the FPC sinking flux (from 39% ± 23% to 5% ± 4%; MannWhitney test, P \ 0.05; Fig. 6b ) was observed. Over the study period, broken fecal pellets contributed, on average, Biol (2011 Biol ( ) 34:1989 Biol ( -2005 Biol ( 1995 90% ± 8% (n = 12) of the total number of sinking fecal pellets (data not shown). Table 3 presents phytoplankton production and chl a biomass integrated over the euphotic zone, together with daily loss rates of POC and chl a, and export ratios at 100 m. Primary production and chl a biomass varied between 105 mg C m -2 day -1
at Stn CA16 and 926 mg C m -2 day -1 at Stn 1208 and between 16 mg m -2
at Stn CA16 and 291 mg m -2 at the coastal Stn D34, respectively. Primary production and chl a biomass were generally dominated by large ([5 lm) phytoplankton cells (73% ± 15% and 68% ± 22%, respectively). Daily loss rates of POC and chl a through sinking ranged from 0.4 to 2.5% day -1 and 0.2 to 4.6% day -1 , respectively. Export ratios varied between 0.05 at Stn 1208 and 0.76 at Stn CA16. There was no significant difference between late June/early July and late July for any of these variables (Mann-Whitney tests, P [ 0.05). POC and EPS-C sinking fluxes at 100 m were significantly correlated with daily loss rates of chl a (s = 0.67, P \ 0.05 and s = 0.59, P \ 0.05, respectively). varied between -28.1 at Stn CA16 and -21.3% at Stn 1216, and 4.7 at Stn 1216 and 7.8% at Stn CA16, respectively. The C:N ratios ranged from 8.4 at Stn 416 to 14.6 at Stn CA16. These variables did not show any significant difference between the two sampling periods (Mann-Whitney tests, P [ 0.05). The scatter plots for compositional ratios in Fig. 7 follow the approaches of Parsons et al. (1989) and Macdonald et al. (2004) . According to Macdonald et al. (2004) , we assumed a marine end-member of d 13 C = -23.4 to -24%, C:N = 6-7 and a terrigenous organic carbon end-member of d 13 C = -27% and C:N = 10-20 (Fig. 7) . According to Fig. 7 , Stn 1216 and Stn CA16 had strong marine and terrestrial signatures, with depleted (-28.1%) and enriched (-21.3%) d 13 C isotopic signatures, respectively, whereas the remaining stations reflect a mixed composition of the material, by conventional interpretation.
Discussion
Changes observed in summer 2008
The annual cycle of primary production Brugel et al. 2009 ) and sinking export of organic material (Forest et al. 2010; Juul-Pedersen et al. 2010) in Table 3 Primary production and chlorophyll a (chl a) biomass integrated over the euphotic zone, daily loss rates of chl a, and particulate organic carbon (POC) at 100 m and particulate primary production exported through sinking (export ratio) Gosselin et al. 2008) . Upwelling events in spring-summer 2008 (Mundy et al. 2009 ; Jean-É ric Tremblay, Laval University, pers. comm.) and a rapid decrease in ice extent in early May, ca. one month earlier than usual (Forest et al. 2011b) Klein et al. 2002) . In addition, suspended chl a biomass in the euphotic zone appeared to be higher during our study than in summer 2004 (mean 88 ± 79 versus 18.8 ± 8.9 mg chl a m -2 ; Brugel 2009) and large cells ([5 lm) dominated the chl a biomass during our study (mean 68% ± 22%; Table 3), except in the central Amundsen Gulf (Stn 1208) and at Stn CA05 (Table 3) . This dominance contrasts with summer 2004 when large cells made up only 32% ± 16% (n = 21) of the total phytoplankton biomass throughout the study area (Brugel 2009) .
Despite a high primary production, chl a biomass, and a phytoplankton size structure based on the production and biomass of large cells in summer 2008 relative to summer 2004, POC sinking fluxes were comparable during both years (except for Stn 1216, see below). The low daily loss (Forest et al. 2011b) . Consistent with these observations, we found (except for Stn 1216, see below) a high percent contribution of cylindrical fecal pellets and of fecal pellets [100 lm to the total FPC sinking flux (Fig. 6) Potential ingestion rates ranged from 59 to 171 mg C m -2 day -1 (Stns 1216 and 421, respectively). These ingestion rates could represent underestimations due to potential coprophagy/coprorhexy, as these processes can strongly reduce the vertical export of fecal pellets (Wexels Olli et al. 2007 ). These estimates indicate that the mesozooplankton could have ingested between 6% (Stn 1208) and 96% (Stn 421) of the daily primary production during summer 2008, with a regional mean of 29% ± 34% (data not shown). Unfortunately, these estimates cover only stations where primary production was measured and exclude Stn CA16 for reasons explained in the next Section. We can further estimate, based on the difference between the export ratio (ranging from 5 to 58%; mean: 19% ± 20%, n = 6) and the percent production grazed by mesozooplankton (mean: 29% ± 17%, n = 6), that, on average, 51% ± 11% (n = 7) of the primary production would have been recycled or channeled through the microbial food web. Since, on average, 80% ± 20% (n = 6) of the primary production in the euphotic zone would have been grazed by zooplankton (mainly large copepods) and recycled before reaching 100 m, only a small fraction of that primary production was readily available for export to the depth. Accordingly, Forest et al. (2011b) estimated that 3% of the primary production in the central Amundsen Gulf was exported to the benthos, during spring-summer 2008. Overall, our results highlight the central role of grazing and recycling processes (see also Kellogg et al. 2011) in the southeastern Beaufort Sea during the highly productive summer 2008.
Sedimentation of phytoplankton-derived material
We observed the same dominant species and a similar seasonal trend in the sinking protist assemblage in summer 2008 as in summer 2004 (Juul-Pedersen et al. 2010) . However, the contribution of algal cells to POC sinking fluxes was more than twice that observed in summer 2004 (34.2 and 18.6% of POC sinking fluxes in late June/early July and late July, respectively; Table 2 ; 11.7 and 7.6% of POC sinking fluxes in June and July/August 2004, respectively; Juul-Pedersen et al. 2010). The contribution of algal cells and EPS to the sinking fluxes of organic material (Table 2 ) and the low abundance of empty frustules (Fig. 5 ) indicated the presence of fresh algal material sinking at 100 m in the southeastern Beaufort Sea, during summer 2008. To that effect, the flux of algal cells (Fig. 5 ) and protist carbon (Table 2 ) was almost one order of magnitude higher at Stn 1216 that at other stations, as further discussed below. The higher contribution of fresh algal material to the sinking POC in 2008 reflects the increase in primary production between summers 2004 and 2008; however, such increase had no apparent effect on the amount of sinking POC. Therefore, except at a station of exceptionally high production (Stn 1216), increases in primary production influenced the quality rather than the quantity of the sinking POC (see also Sampei et al. 2011) . During this study, concentrations of EPS-C contributed, on average, 53% ± 23% (n = 11) of the POC sinking fluxes (Table 2) ; therefore, these substances appeared to play a significant role in the sinking export of organic material. Phytoplankton and ice algae are known producers of EPS (Krembs et al. 2002; Passow 2002; Meiners et al. 2003; Riedel et al. 2006 ); yet, our results did not show any correlation between sinking fluxes of EPS-C and sinking fluxes of total protist carbon nor carbon from individual protist groups (diatoms, flagellates, dinoflagellates, ciliates; data not shown). This absence of correlation could reflect that sinking of EPS-C may be associated with aggregates (Verdugo et al. 2004; Wotton 2004 ) composed of diverse material, obscuring a direct correlation between EPS and protists. Indeed, we observed a significant correlation between EPS-C and POC sinking fluxes (Fig. 3) , supporting the potential role of EPS as biological glue (Wotton 2004) . While the role of EPS in the formation of aggregates is documented (Azetsu-Scott and Passow 2004; Verdugo et al. 2004; Wotton 2004 ), evidence of their contribution to the sinking flux of organic matter from the euphotic zone is presented here for the first time. Yet, our results on EPS-C sinking fluxes are somewhat ambiguous as the sum of the sinking fluxes of EPS-C, protist-C, and FPC in the sinking material was sometimes higher than the measured POC sinking fluxes (Table 2 ). There is a potential error associated with the use of carbon conversion factors that are either experimentally derived or estimated in different field conditions for chl a, FPC, protist-C, and EPS-C. Secondly, EPS was retained on filters with porosity of 0.4 lm, whereas POC was quantified on GF/F filters with nominal porosity of 0.7 lm. It is therefore possible that a significant proportion of the EPS-C was in the size range 0.4-0.7 lm and would not have been accounted for in POC estimates. This agrees with previous results showing that a large fraction (i.e., [50%) of transparent exopolymeric substances can pass through GF/F or 0.6 lm filters (Passow and Alldredge 1995; Engel and Passow 2001) .
Despite the high contribution of EPS-C to POC sinking fluxes, EPS-C and POC sinking fluxes were relatively low during this study; therefore, EPS did not appear to accelerate the export of POC to the benthos. Instead, it is possible that the presence of EPS coatings on algal cells and their possible role in the formation of aggregates would have benefited the active microbial food web during summer 2008, in the southeastern Beaufort Sea. Indeed, EPS are known to facilitate bacterial attachment to particles (Parsmore and Costerton 2003) and can also be neutrally buoyant or even favor upward fluxes (Azetsu-Scott and Passow, 2004) . On the Mackenzie shelf, Riedel et al. (2006 Riedel et al. ( , 2007 demonstrated that EPS may be an important substrate stimulating heterotrophic activity in newly formed sea ice.
Autochthonous versus allochthonous origin of the sinking material Elemental (C:N) ratios and isotopic composition are often used to distinguish between marine and terrigenous organic matter in sediments and sinking matter . Typically, the C:N molar ratio of fresh marine organic material is ca. 6.6 (i.e., Redfield ratio, Redfield et al. 1963) , whereas terrigenous organic matter has C:N molar ratios [15 (Stein and Macdonald 2004) . A common approach to estimate the relative proportions of marine and terrigenous organic matter derives from the different isotopic signatures of organic matter from these two sources (i.e., marine and terrigenous end-members) (e.g., Stein and Macdonald 2004; Morata et al. 2008; Magen et al. 2010) . A key challenge with this approach is to define end-members, as they vary widely depending on the region of study, as well as seasonally. For example, literature values for marine and terrestrial d 13 C range from -18.0 to -25.5%
and -24.0 to -28.0%, respectively (Parsons et al. 1989; Naidu et al. 1993 Naidu et al. , 2000 Goericke and Frye 1994; Goñi et al. 2000; Macdonald et al. 2004; Amiel and Cochran 2008; Magen et al. 2010) . While these ranges of values clearly illustrate a demarcation between marine and terrestrial material, it is apparent that even a slight change in the isotopic signature used for the end-member can have a disproportionate impact when estimating their relative contributions. For example, a decrease of 1% in the d 13 C value of the marine end-member could increase the fraction of marine POC by ca. 10% (this study) to 20% (Amiel and Cochran 2008) . In addition, in particle interceptor traps, other contributors such as copepod fecal pellets (depleted in d 13 C, Tamelander et al. 2006) or exopolymeric substances (enriched in d 13 C, Forest et al. 2007 ) also influence the isotopic signature of the material.
Given these limitations of the stable isotope approach and the environmental complexities of the study region, it is not surprising that isotopic signatures combined with C:N ratios of the sinking material allowed the identification of only two stations of distinct hydrographic and/or biological characteristics (Stns 1216 and CA16; Fig. 7 ). Stn 1216, located north of Cape Bathurst, was the most enriched in d 13 C (-21.3%; Fig. 7 ), comparable to values deriving from sedimentation of fresh phytoplankton material during/after a bloom (Tremblay et al. 2006a ). Indeed, this station had high chl a, protist-C, diatom cell, and EPS sinking fluxes and low FPC sinking flux (Figs. 2a, b, 5b, 6a ; Tables 2 and 3 ). Bathymetric and oceanographic features at this station are conducive to upwelling of nutrientrich Pacific waters (Williams and Carmack 2008) . There is evidence that such upwelling took place in mid-June 2008, increasing primary production by ca. threefold relative to 2004 (see Forest et al. 2011b) . The sedimentation pattern observed at Stn 1216 is associated with the direct sinking of high phytoplankton biomass during the productive bloom induced by wind-driven upwelling as observed at the site in 2004 (Forest et al. 2011b; Sampei et al. 2011) . These results show that increased primary production induced by wind-driven upwelling during a low ice year impacted the amount and composition of the material exported to depth on the Beaufort shelf.
Stn CA16, located at the shelf break in proximity of Banks Island (see Fig. 1 ), had a dominant terrigenous signature, possibly associated with the presence of sediments from coastal erosion off Banks Island. The presence of allochthonous material at Stn CA16 precludes a classic interpretation of variables such as the export ratio, which was highest at this station (0.76; Table 3 ) and would not reflect export sensu stricto. Coastal and seabed erosion have been identified as a source of sinking particles in the Beaufort Sea (O'Brien et al. 2006) , and Banks Island can also be a source of suspended sediments that can become entrained in sea ice (Darby 2003) or captured in particle interceptor traps. There was no evidence of resuspension at station CA16. In addition, the potential impact of bacterial activity on the isotopic signature of the sinking material due to longer deployment time at this station is considered negligible. Storms have increased in frequency and intensity in the Beaufort Sea over the past decade (Yang et al. 2004; Barber et al. 2008 ), leading to increases in coastal erosion/horizontal advection near the coast (Hill et al. 1991; Dunton et al. 2006; Walker et al. 2008) . We cannot evaluate if the terrigenous signature at Stn CA16 was of transient nature or if it reflects such broader changes in Arctic coastal dynamics. The absence of a terrigenous signature at Stn 410 located nearby does not support the latter. However, our results point to the relevance of particle interceptor traps to trace sources, and possibly transports, of material on Arctic shelves.
According to the compositional analysis based on the scatter plots (Fig. 7) , all other stations visited would comprise a significant (from 20 to 90%) proportion of terrigenous material. However, microscopic observation of the sinking material did not reveal the presence of terrigenous material, but showed an abundance of zooplankton fecal pellets and phytoplankton cells (on average, 66% of the POC sinking fluxes). Therefore, we conclude that the wide, and sometimes overlapping, ranges of isotopic values and C:N ratios documented for different components of marine food webs in the Beaufort Sea (summarized in Table 5 ) challenges the interpretation of isotopic signatures in terms of terrestrial/marine components. This is even more exacerbated for particle interceptor traps as they collect a variety of primary-(e.g., phytoplankton cells, spores) and secondary-(e.g., fecal pellets, pteropod shells) produced material, together with allochthonous material from rivers (e.g., ) and coastal erosion in susceptible areas (e.g., Stn CA16). Such complexity is reflected in the wide range of stable isotope (d 13 C and d 15 N; -28.11 to -21.29%, ?4.71 to ?7.83%, respectively) and C:N ratios (8.4-14.6) during our study. Our results indicate that in the southeastern Beaufort Sea, isotopic signatures are effective at tracing the origin of the material when conditions are extreme, i.e., in samples with an abundance of sediment or fresh phytoplankton cells. This conclusion agrees with results from the North Water polynya, where the narrow isotopic signatures of an intense phytoplankton bloom were reflected in particle interceptor traps during its sedimentation (Tremblay et al. 2006b ).
Conclusions
The combination of a rapid decrease in ice extent that occurred in early May, one month earlier than usual (Forest Table 5 Mean or range of stable isotope signatures and molar compositional ratios (d Forest et al. 2011b; Jean-É ric Tremblay, Laval University, pers. comm.) . Yet, except for one upwelling station (Stn 1216), the POC sinking export in summer 2008 was comparable to that in summer 2004 and among the lowest documented for Arctic shelves. Bulk estimates indicate that 80% ± 20% of the primary production was grazed by mesozooplankton or recycled in the upper 100 m and that only a small fraction of primary production was exported to depth during summer 2008. This finding points to a strong influence of pelagic processes in shaping the transfer of organic material within the marine food web of the southeastern Beaufort Sea. Our results also showed that increased primary production in summer 2008 impacted the composition of the sinking POC, as a higher proportion of phytoplankton cells was exported than in summer 2004. These findings suggest that future increases in primary production associated with changes in sea ice conditions may not increase the magnitude of POC sinking export but would likely alter the composition of sinking particles and increase the relative amount of fresh material available to benthic grazers. Highest sinking fluxes of POC and phytoplankton were measured at productive upwelling Stn 1216 (Sampei et al. 2011) . Given that the transfer of primary-produced biomass to pelagic grazers requires a tight coupling between biomass availability and the presence/activity of grazers (i.e., match/mismatch hypothesis), it is possible that such coupling may not be established in areas of high primary production relative to historical values, leading to significant sinking export of fresh particulate algal material at such productive sites. Interestingly, at one station influenced by coastal upwelling and at another influenced by erosion, the composition and magnitude of particulate sinking fluxes were markedly different from other stations visited during the study. These observations underscore the fundamental role played by mesoscale circulation patterns and hydrodynamic singularities for the sinking export of particulate organic material on Arctic shelves.
